The interdiffusion of a Si/Si 0.85 Ge 0.15 /Si single quantum well heterostructure subjected to thermal annealing in a nitriding ambient was investigated as a function of anneal temperature and time. Nitridation of the silicon surface alters equilibrium vacancy point defect populations throughout the structure, which allows the determination of the point defect species important in interdiffusion. Diffusion coefficients of Ge after nitridation of ϳ1ϫ10 Ϫ14 cm 2 /s for 1100°C and ϳ1 ϫ10 Ϫ13 cm 2 /s for 1200°C were extracted. The extent of diffusion in a nitriding ambient was much less than in an inert ambient, which indicates minimal vacancy contribution to interdiffusion. This is in contrast to results from previously published studies performed in an oxidizing ambient.
INTRODUCTION
Recent progress in heterojunction bipolar transistor technology using epitaxial SiGe base layers has generated a need to control interface and dopant diffusion within the layers. [1] [2] [3] High-temperature device processing steps can create imprecise emitter-base and collector-base junctions, which can severely degrade device performance. In this article the interdiffusion of a Si/Si 0.85 Ge 0.15 /Si single quantum well ͑SQW͒ heterostructure in a nitriding ambient is investigated at temperatures of 1100 and 1200°C. It is generally accepted that thermal nitridation of the silicon surface injects excess vacancies into the bulk material. 4, 5 The extent of enhancement or retardation of Ge diffusion upon vacancy injection allows the determination of the interstitial and vacancymediated diffusion components for this material structure. 4 The diffusion profiles, coefficients, and enhancements from these nitridation experiments are compared to results from similar experiments in an oxidizing ambient. 6 
EXPERIMENT
A SQW test structure, shown in Fig. 1 , was grown using an ASM Epsilon 1 vapor phase epitaxy reactor at a temperature of 700°C, with growth details described previously. 6 The Ge concentration of the Si 0.85 Ge 0.15 layer was verified by Rutherford backscattering spectroscopy ͑RBS͒ and layer thicknesses were verified by cross-sectional transmission electron microscopy. The Ge depth versus concentration profiles for as-grown and annealed samples were determined by secondary ion mass spectrometry ͑SIMS͒ using a Perkin Elmer PHI 6600 quadrapole analyzer with 6 keV O 2 ϩ ions, at a typical sputter rate of 24 nm/min, and a 60°incident angle. The profile depth scales were determined from Tencor Alpha-Step 500 surface profiler measurements of the SIMS sputtered craters. The variation of the sputter rate in the SIMS analysis was accounted for by a linearization technique, which relates the secondary ion signal of the Ge to the secondary ion signal of the Si based on the counts from a sample of known Ge concentration using RBS. 7, 8 The depth scale of the SIMS profiles of the annealed samples was laterally shifted no more than 20 nm ͑within 1 s.d., estimated at 0.05, in relative depth scale error of SIMS͒ 9 so that the peaks aligned with that of the as-grown profile. The Ge concentration scale of the SIMS profiles was standardized by equalizing the total dosage in each peak. Samples were rapid thermal processed ͑RTP͒ in an AG Associates Heatpulse 2101 with NH 3 gas flowing at 1.5 slm.
RESULTS AND DISCUSSION
The Ge diffusion coefficients have been extracted by comparing SIMS profiles of annealed samples with those predicted by simulation using the Florida Object Oriented Process Simulator ͑FLOOPS͒. 10 Details of the diffusion model and extraction of diffusion coefficients have been previously presented in Griglione et al. 6 In that investigation, the same SQW structure used in the present study was ther- mally processed in both inert and oxidizing ambients, and diffusion coefficients were calculated. No enhancement of diffusion was observed in an oxidizing ambient ͑interstitial injection͒ as compared to an inert ambient. A value of f I of ϳ0.02 at both 1100 and 1200°C was estimated, indicating a diffusion mechanism dominated by vacancies. From these results, it is expected that thermal processing in a nitriding ambient during vacancy injection will result in significantly enhanced diffusion compared to that in an inert ambient. The thickness of the Si 0.85 Ge 0.15 layer in the SQW structure is greater than the critical thickness for this composition, 11 therefore relaxation through dislocation formation is expected. This was verified through transmission electron microscopy and reported in earlier work. 6 Cowern et al. have reported in previous studies a large enhancement of Ge diffusion in Si 1Ϫx Ge x /Si structures due to compressive strain. 12, 13 However, they investigated structures that were free of dislocations. Cowern et al. specifically stated that diffusivity enhancement in samples that relax by dislocation growth is much weaker. 13 Due to the presence of relaxation via dislocations in the samples used in this investigation, strain effects on diffusivity values will be considered negligible. These dislocations, however, might later affect the vacancy injection and concentration in the bulk normally expected from surface nitridation. A boron marker layer structure ͑reported in detail, along with the analytical technique, in Griglione et al. 6 ͒ was used to qualitatively determine that vacancies were indeed injected into the Si 1Ϫx Ge x layer region in adequate concentrations to participate in the diffusion process. Movement of the B marker layer cannot quantitatively determine the vacancy supersaturation as a result of surface nitridation because B is primarily an interstitial diffuser. Any evidence of retardation of B diffusion can, however, qualitatively show that vacancies are being injected to the extent that they are depleting the interstitial concentration. The marker layer structure used in previously reported oxidation experiments 6 underwent RTP at 1100°C for 2 min and at 1200°C for 1 min in NH 3 . Qualitatively, B diffusion in NH 3 ambient was comparable to diffusion in Ar ambient and much less than in O 2 ambient for both temperatures as determined by SIMS ͑Fig. 2͒. The extent of B diffusion determined experimentally for 1100°C was less than that predicted by simulation, indicating a slight retardation of the diffusion of the B marker layer compared to default values used in FLOOPS. This result indicates that the interstitial concentration is slightly depleted from its equilibrium value, and that vacancies are indeed being injected into the bulk and are traveling to some extent through the Si 1Ϫx Ge x layer.
After confirming point defect injection conditions, analysis was then directed toward the interdiffusion of the Si 1Ϫx Ge/Si x layers. At processing temperatures of 1100 and 1200°C, the Ge diffusion profiles in a nitriding ambient show significant retardation compared to diffusion profiles in inert and oxidizing ambients at all processing times. This is apparent in Fig. 3 , which shows, as an example, the SIMS profiles of the structure after processing at 1200°C for 2 min in all three ambients. The extracted diffusivity values after processing in a nitriding ambient are given in Table I an inert ambient. 6 The values of the diffusivities as a function of reciprocal temperature in inert, oxidizing, and nitriding ambients are shown in Fig. 4 . The error in the determined diffusion coefficients was estimated using a Monte Carlo approach detailed in Gossmann et al., 9 and the results are given as the error bars in Fig. 4 . Diffusivities extracted are much lower and not within the error of those determined for inert and oxidizing ambients. This indicates that interstitials are the dominant diffusing point defect species and that injected vacancies recombine with intrinsic interstitials to lower the interstitial concentration and retard diffusion. These results contradict the behavior predicted from our oxidizing experiments, as well as a study by Cowern et al., 12 which indicated that vacancies are the dominant point defect diffusion species. Diffusion dominated by vacancies, as predicted by the oxidation experiments, would be expected to show large enhancements under vacancy supersaturation. A possible explanation for this contradictory behavior is that stress effects at the nitride/silicon interface near the Si 1Ϫx Ge x layer, which are not present at the depths of the B marker layer, contribute to this anomalous behavior of the diffusion Ge. Chaudhry 14 observed that stress values change with depth into the sample under regions of nitride mask. Additionally, several previous studies have reported a close relation between the stress level in the nitride film and the deviation of point defect concentrations from their equilibrium values in the region near the nitride/silicon interface. [15] [16] [17] Future work addressing this stress effect, along with use of Sb marker layers ͑Sb is known to diffuse almost entirely via a vacancy mechanism͒ would allow a more accurate quantitative estimate of the vacancy supersaturation under nitriding ambient.
SUMMARY
The diffusion of Ge in a Si/Si 0.85 Ge 0.15 /Si SQW structure during surface nitridation has been investigated at 1100 and 1200°C. The results reported are specific to the particular structure and processing conditions used. Diffusivities of ϳ1ϫ10 Ϫ14 cm 2 /s for 1100°C and ϳ1ϫ10 Ϫ13 cm 2 /s for 1200°C in nitriding ambient were estimated. Significant retardation of diffusion occurred in nitriding ambient compared to inert ambient, which indicates a diffusion mechanism controlled by interstitials. This contradicts the low f I ϳ0.02 estimated from previous oxidation experiments. Stress effects at the nitride/silicon interface could possibly explain this unexpected behavior. 
